Light emitting devices (LEDs) based on colloidal semiconductor nanocrystals represent a matter of technological interest for the development of flat panel display and lighting systems. The appealing features of these materials are the high fluorescence efficiency, narrow ban edge emission, potential chemical stability, and tunable light emission across the visible spectrum. These characteristics open the way to a new class of hybrid devices in which the flexible technology of organic LEDs can be combined with the long operating lifetime of inorganic semiconductor devices. In particular over the last few years several hybrid device structures based on colloidal semiconductor quantum dots (QDs) and organic material have been reported. In this paper we report on recent development in the fabrication of QDLEDs and in particular in white hybrid LEDs.
INTRODUCTION
Colloidal semiconductor nanocrystals and in particular colloidal quantum dots (QDs) show a great promise for use in light emitting diodes (LEDs) display, owing to their unique optical properties such as the high fluorescent efficiency, narrow band emission and their tunable light emission in the visible range. 1 The possibility to deposit QDs from solution by spin-coating make their integration in the flexible and low cost organic LED (OLEDs) technology easy. Moreover the environmental stability of covalently bonded inorganic nanocrystals 2 give to the hybrid organic-inorganic LED the potentiality to overcome the short device lifetime at the high luminescence values required for lighting application (>1000 cd/m 2 ) and the purity of the color emission that is strongly affected by the different aging rate of the active compounds that characterize full organic LEDs technology. 3, 4 Recently, several groups have reported the use of II-VI semiconductor nanocrystals, such as CdSe, in combination with organic materials in the fabrication of hybrid LEDs. [5] [6] [7] [8] [9] [10] [11] [12] In this paper we report on new hybrid device structures and in particular white emitting hybrid devices.
Hybrid LEDs based on Polymer/QDs
The fist work on colloidal semiconductors nanocrystals LEDs was made in 1994 by Alivisatos and coworkers. 5 The device structure consists in five monolayer of CdSe quantum dots on the top of spin coated and thermal converted semiconducting p-paraphenylene vinylene (PPV) layers. Nanocrystal layers were bound on the polymer with exane dithiol functionalization. The light emission arises from the recombination of holes injected into the PPV polymer layer with electrons injected into the multilayer film of CdSe nanocrystals. The low external quantum efficiency of the devices (between 0.001 and 0.1%) can be attributed either to the low photoluminescence (PL) efficiency of the CdSe core QDs, or to the poor electron conduction through the five layer thick QD film. 13, 14 Moreover the use of the hexane dithiol for the device fabrication adds impurities that can trap the charges and quenching the QD excitons.
Subsequently electroluminescence has been obtained by incorporating CdSe QDs into a thin film (100 nm) of polyvinylcarbazole (PVK), a photostable hole conducting polymer, and an oxadiazole derivative (t-Bu-PBD), an electron transport species. 6 Three devices with different size of QDs (~32Å, ~40Å, ~60Å diameter) has been fabricated by spin coating nanocrystals with the mixture of PVK and t-Bu-PBD as emitting layer. The maximum external quantum efficiency in air and at room temperature of these devices is quite low (~0.0005%) and it decreases with decreasing of the QD size. A significant improvement over the previous devices has been obtained by Schlamp et al. by using CdSe(CdS) core/shell QDs. 7 These core/shell nanocrystals consist in a CdSe core surrounded by a shell of epitaxially grown CdS. The core and shell energy levels alignment confines the holes in the core while electrons are delocalized in throughout the structure. This results in a higher PL quantum yield (> 50% in solution at room temperature) and photo-oxidative stability of the CdSe(CdS) compared with the CdSe core samples. The active nanocrystal multilayer has been deposited on a thermal converted PPV polymer. The devices emit from red to green with external quantum efficiency of 0.22% at a brightness of 600 cd/m 2 and a current density of 1 A/cm 2 . Despite the potential advantages of using QDs as emitters, all these QD-LED structures have efficiencies that are far below of the all organic LED technology ones. The most limiting factor in the QD devices performances is the poor conductivity of the colloidal nanocrystals compared to semiconductor materials 13 and in all the structures reported above the QDs function both as emitters and electron transport species. A multilayer device configuration can allow the independent optimization of materials for charge injection, transport, and emission.
High efficiency hybrid LED insulating QD layer function
In 2002 Coe-Sullivan et al. proposed an innovative QD-LED structure incorporating a monolayer of CdSe/ZnS core/shell QDs sandwiched between hole and electron transporting organic layers. 8 In this device structure colloidal QDs act only as a lumophores and they do not participate to the charge conduction process. The organic layers transport charge carriers to the vicinity of the QD monolayer from which the luminescence originates. In this way the problem of QD poor charge conductivity due to the insulating layer of surfactant, that coat their surface, was overcome. For the device fabrication a solution of QDs and organic small molecule material is spin coated on a Indium Tin Oxide anode. During the spin-coating process the QDs, covered by an aliphatic capping layer, phase separate from the aromatic small molecules, such as N,N'-diphenyl-N,N'-bis(3-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine (TPD), and form a layer on the organic surface. The thickness and the coverage of the nanocrystals layer depends on the QD concentration in the solution. For the device fabrication the QD concentration is optimized in order to obtain a single close packed monolayer. By exploiting the phase segregation technique the they fabricated high luminance devices with emission in the red-green region achieving a maximum external quantum efficiency >2%. [8] [9] [10] Recently Zhao et al. reported an alternative strategy for QD-LED fabrication by spin-coating CdSe/ZnS QDs onto a thermally cross-linked hole transporting layer, polystyrene (
. Following the deposition of the QD layer, the electron transporting layer, 1,3,5-tris(N-phenylbenzimidazol-2yl)benzene (TPBI), was deposited by thermal evaporation. The maximum external quantum efficiency of these devices was 0.8% at 100 cd/m 2 and a maximum brightness in excess of 1000 cd/m 2 . The same group improved the performance of these devices structure by using thermal annealing of the quantum dot layer reaching an external quantum efficiency of 1.6% at a brightness of 100 cd/m 2 .
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WHITE LIGHT-EMITTING DEVICES USING SEMICONDUCTOR NANOCRYSTALS

Organic-inorganic hybrid white-LEDs based on polymer/QDs nanocompositions
To obtain white light, all the three primary colors (red, green and blue) have to be produced simultaneously. Since it is difficult to obtain all primary emissions from a single molecule, excitation of more than one organic species is often necessary, thus introducing color stability problems. Due to the different degradation rate of the employed organic compounds, the emission color of the device can in fact change with time. The CdSe semiconductor QDs exhibit a sizedependent color variation due to quantum confinement effect, which covers almost whole the visible range. 1, 10, 15, 16 Additionally, the fluorescence efficiency and, in particular the stability of the nanocrystals, can be greatly improved by modifying the particle surface. These characteristics can be merged with peculiar properties of organic materials, such as flexibility and ease of processing, to give rise to a novel class of low cost hybrid white-LEDs with improved lifetime and color stability. An organic-inorganic hybrid white-LEDs was reported by Y. C. Kim and Co-workers based on polymer/QDs nanocomposites comprising a blue-emitting polymer, PDHFPPV, and CdSe nanoparticles. 17 They obtained white emission at bias voltages below 10V. The partial energy transfer that occurs from the polymer to the QDs enables the QDs emit red light and, in conjunction with the blue light emitted from the polymer, the device generates white emission. The blue-emitting matrix polymer also provides a simple device preparation process due to its high processability. This result suggests that the simple blending method can be employed to obtain polymer-based white-LEDs. Host-guest systems are typically employed to obtain white light emission by exploiting two mechanisms, namely, Förster energy transfer [18] [19] [20] and charge transfer 21, 22 . In the Förster mechanism, dipole-dipole coupling results in a nonradiative transfer of the singlet excited-state energy from a donor molecule to an acceptor molecule. In the charge-tansfer mechanism, an excited guest molecule is formed by the sequential transfer of separate hole and electron charges to the guest molecule from different host molecules in the surrounding matrix. All these processes have to be accurately controlled in order to obtain white electoluminescence. We demonstrated that a balanced white emission is obtained in hybrid ternary systems poly[(9,9-dihexylfluoren-2,7-diyl)-alt-co-(2-methoxy-5-{2-ethylhexyloxy}phenylen-1,4-diyl)] (PFH-MEH):QDs/ tris(8-(hydroxyl-quinoline) aluminium (Alq 3 ) when Förster energy transfer in the guest-host system is accomplished by charge transfer from PFH-MEH and Alq 3 to QDs during the electrical excitation. 23 The absorption and photoluminescence spectra of components and possible energy-transfer, charge-transfer pathways were shown in Fig. 1 . Electroluminescence measurements have been carried out on ITO//PEDOT-PSS//PFH-MEH:CdSe/ZnS//Alq 3 //Ca/Al structures. In Fig. 2 the EL spectra for different PFH-MEH:CdSe/ZnS concentration ratios are reported. In order to achieve white EL emission the different color components have to be accurately balanced by controlling both the ) to a PFH-MEH cation radical (PF +• ). Both the mechanisms result in excited Alq 3 and PFH-MEH molecules which can decay radiatively, originating blue and green EL emission. Negligible red emission is instead originated from the low amount of QDs. By increasing the concentration of CdSe/ZnS QDs (concentration ratio 200:1), the possible pathway are process I, II and III. A relevant additional role is assumed by the following processes: Förster energy transfer to QDs from excited PFH-MEH and Alq 3 molecules, sequential charge transfer of a hole from PFH-MEH followed by transfer of an electron from Alq 3 or charge transfer of an electron from Alq 3 followed by transfer of a hole charge from PFH-MEH (processes III). Efficient emission at the three primary colors is thus obtained from PFH-MEH, Alq 3 and QDs with a balanced white spectrum with CIE (0.30,0.33). Maximum External Quantum Efficiency of 0.24% is measured at 1mAcm -2 and 11V, to our knowledge the best results so far reported for hybrid white OLEDs based on QDs. In these QDs based white-LEDs, holes are considered to be injected from the ITO electrode through PEDOT:PSS layer into the polymer hole conductor and are eventually transported to the QDs. Similarly, the electrons are considered to be injected from Ca/Al cathode into the Alq 3 and are eventually transported to the QDs. Since the high electron affinity of QDs the electrons are better confined within the surface PFH-MEH:QDs/Alq3, thus enhancing the balance between opposite carriers in the region where more efficient radiative exciton recombination can occur. In particular, charge transfer processes to CdSe /ZnS core-shell quantum dots are found to be the key element for well balanced white emission. These results are a first step towards a novel class of hybrid white-LEDs for lighting applications combining the stability properties of colloidal inorganic nanocrystals with the flexibility and ease of fabrication of organic LED technology. 
Bright white-LEDs from binary or ternary nanocrystals composites
The key element for a high performance hybrid device in which QDs act as lumophores is the occurrence of efficient exciton recombination in the inorganic nanocrystals. This is usually inhibited by the poor electron conduction of the inorganic species which limits exciton formation. 13 Therefore low EL efficiency is observed in QDs/polymers blend based devices. 5, 6, 7 The phase-segregation technique proposed by Coe et al. allows for the fabrication of high efficiency hybrid monochromatic emission devices, but it involves a narrow QDs size distribution to form high-coverage monolayers, which is compatible only with monochromatic emitting QD-LEDs. [8] [9] [10] To date, efficient QD-LEDs that emit white light only from nanocrystals are still a challenge due to the lack of proper fabrication techniques. To obtain white light, all the primary colors (blue-B, green-G and red-R) have to be produced simultaneously. In order to obtain efficient simultaneous emission from different sizes of QDs composites, we propose a novel device structures in which exciton formation in the inorganic QDs is not exclusively obtained by direct charge injection but by the accurate control of the energy/charge transfer mechanisms from the organic host. 24 We demonstrate the first efficient hybrid light-emitting device, with near white emission from chemically and optically stable ternary nanocrystal composites dispersed in an organic matrix. White bright emission is obtained from homogenous blends, without phase segregation between the active ternary QDs composites and the organic matrix, exploiting the energy transfer and charge-trapping properties of the different species. The proposed approach is a new general method for the fabrication of potential long operating lifetime, high efficiency white light-emitting devices. The structure of the devices and the emission mechanisms are shown in the Figure 3a . In Figure 3b are shown the Photoluminescence (PL) spectra corresponding to isolated lake blue, green and red quantum dots, which measured in solid state. The EL spectrum at 13V is shown in Fig. 4a . Spectral peaks at wavelengths of 490nm, 540nm and 618nm are attributed to the emission of lake blue, green and red quantum dots, respectively, in agreement with the PL spectra of the isolated QDs in the solid state (see Figure 3b) . A complete quenching of the CBP band is observed in the EL spectrum, resulting in efficient emission at the three primary colors from the QDs, giving rise to a balanced near white overall emission [CIE (0.32,0.45)] at 13V. Furthermore, the color coordinates do not remarkably change with increasing the operating voltage in the range 10V-28V. This suggests that in the EL spectrum a novel and more efficient transfer mechanisms from the host material CBP and the electron transfer layer Alq 3 , to the lower energy emitting species QDs, occurs. Possible pathways leading to emissive states are shown in Figure 3a . In our device, holes are injected from the ITO contact through the PEDOT:PSS layer into the CBP host matrix, and are transported towards the QDs. Similarly, electrons are injected from the Ca/Al cathode into the Alq 3 and are transported to the QDs. Then exciton generation on QDs occurs via two parallel processes: (I) charge-trapping and (II) Förster energy transfer from CBP and Alq 3 . In the former process, electrons may be trapped in the QDs owing to the relative energy alignment of the LUMO levels of CBP, Alq 3 and QDs, thus, efficient exciton formation on the QDs can occur after recombination with high mobility holes. In the latter process, excitons form on organic molecules CBP (IIa) and Alq 3 (II b ), then undergo Förster energy transfer to the lower-energy QDs sites, where they can recombine radiatively. The different EL and PL spectra evidence that in our hybrid QDs-LEDs charge-trapping is a dominant process for the exciton formation, in agreement with the poor charge conduction properties of CdSe/ZnS core-shell QDs, 13 and the excellent electron injection/transfer properties of Alq 3 . In order to achieve white EL the different color emissions from QDs have to be accurately balanced by controlling both the Förster energy transfer and charge-trapping mechanisms, in relation to QDs PL efficiency and concentration. In Figure 4b , and a turn-on voltage of 6V are measured in air atmosphere. To our knowledge, this is the highest efficiency hybrid device with white emission only from ternary QDs composites, whose luminance satisfies lighting application requirements (i.e. 1000 cd m -2 ). As a control, a device structure with only blue and red emitting QDs has been fabricated. EL spectrum demonstrates that the emission is only from QDs composites, and Alq 3 functions only as an electron injection and transfer layer. The maximum brightness of the device is 1500 cd m -2 at 62 mA cm -2 , which corresponds to a current efficiency of 2.2 cd A -1 . As a result, hybrid white emitting LEDs have been fabricated by using three CdSe/ZnS QDs of different size blended in a CBP organic matrix. An accurate control and balance of the Förster energy and charge-trapping processes between the different active components, allowed the first high efficiency hybrid device with emission originating only from the inorganic components. The proposed device provides a potential and general method to fabricate long lifetime electroluminescent devices combining the advantages of organic technology in terms of costs and flexibility and of inorganic materials in terms of stability. Color coordinates and light quality can be optimized by a further fine control of the QDs composites. 
CONCLUSION
In this paper we report on novel methods for the fabrication of high efficiency monochromatic and white QD-LED structures. Instead further improvement in the device fabrication and nanocrystals synthesis are needed, the combination of inorganic luminescent properties with the advantages of organic processing technique has the potentiality to create robust and large area LEDs for flat panel display and lightening applications.
